Machining-induced thermal damage in cortical bone: necrosis and micro-mechanical integrity by Robles-Linares, Jose A. et al.
Materials and Design 197 (2021) 109215
Contents lists available at ScienceDirect
Materials and Design
j ourna l homepage: www.e lsev ie r .com/ locate /matdesMachining-induced thermal damage in cortical bone:
Necrosis and micro-mechanical integrityJose A. Robles-Linares a, Dragos Axinte a,b,⁎, Zhirong Liao a,⁎⁎, Andres Gameros a
a Machining and Condition Monitoring Group, Faculty of Engineering, University of Nottingham, Nottingham NG7 2RD, UK
b Faculty of Science and Engineering, University of Nottingham Ningbo China, Ningbo, ChinaH I G H L I G H T S G R A P H I C A L A B S T R A C T• Machining-induced damage in cortical
bone was investigated with histology
and micro-pillar compression tests.
• In high temperature drilling, micro-
mechanical damage occurs as a brittle
andweak layer deeper than the necrotic
region.
• In low temperature drilling, micro-
mechanical damage is inexistent and
only necrotic damage arises.⁎ Corresponding author at: Machining and Condition
Engineering, University of Nottingham, Nottingham NG
and Engineering, University of Nottingham Ningbo China,
⁎⁎ Corresponding author.
E-mail addresses: Dragos.Axinte@nottingham.ac.uk (D
Zhirong.Liao@nottingham.ac.uk (Z. Liao).
https://doi.org/10.1016/j.matdes.2020.109215
0264-1275/© 2020 The Authors. Published by Elsevier Ltda b s t r a c ta r t i c l e i n f oArticle history:
Received 6 July 2020
Received in revised form 4 September 2020
Accepted 6 October 2020
Available online 10 October 2020
Keywords:
Micro-mechanics
Micro-pillar compression
Bone failure mechanism
Histology
Necrosis
Bone cuttingIn bone cutting, the tissue is exposed to necrosis due to temperature elevation, which can significantly influence
postoperative results in orthopaedic surgeries. This damage is usually revealed through histological analysis to
show the necrotic extent; however, this technique does not capture mechanical damage, which is essential for
a full material integrity assessment. Here, with micro-mechanics, it is demonstrated that machining-induced
damage in bone extends beyond the necrotic region. Drilling with different conditions was performed on ex-
vivo bovine cortical bone, inducing different damage degrees. Micro-pillar compression tests were performed
in the machined sub-surface to identify changes in properties and failure modes caused by drilling. It was re-
vealed that at high cutting temperatures, the bone near the machined surface suffers from lower modulus
(−42%), strength (−41%) and brittle behaviour, whereas the bulk bone remains undamagedwith pristine prop-
erties and ductile behaviour. Histology was also performed to evaluate necrosis and, surprisingly, it was found
that the brittle and weaker bone layer is more than three times larger when compared to the necrotic layer,
clearly showing that the drilling thermo-mechanical effect could affect not only biologically, but also micro-
mechanically. Consequently, these results reveal another kind of bone damage that has so far been neglected.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Monitoring Group, Faculty of
7 2RD, UK; Faculty of Science
Ningbo, China.
. Axinte),
. This is an open access article under1. Introduction
From an engineering standpoint, cortical bone is a tissue that
microstructurally consists of unidirectional fibres (i.e. osteons) that
run through the principal loading direction (i.e. bone's long axis) [1].
These are immersed in a matrix (i.e. interstitial lamellae) comprised of
pieces of older osteons that were partly resorbed during the remodel-
ling process of bone [2]. Moreover, it possesses two porosity systemsthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tial fluid supplies [3]. These arrangements yield a complicated compos-
ite structure [4] as they provide an intricate hierarchical organisation at
the macro-, micro- and nano-scales [5]. This translates into unique
anisotropic properties that make bone a complex material for analysis
in terms of damage and mechanical performance (e.g. behaviour
under cutting [6,7]), particularly when aimed to evaluate machining-
induced (i.e. drilling operation) damage. The high cutting temperatures
and strains produced by machining can damage the surface of not only
engineering materials (e.g. composites [8,9]), but also biological (e.g.
tissues [10,11]). Thus, particular attention to machining damage in
bone surgery is required.
Furthermore, in-depth understanding of bone damage requires con-
sideration of the biological nature of the bone's cellular structure by
means of its three main cell types: osteoclasts, osteoblasts and osteo-
cytes. Osteoclasts and osteoblasts are located on the bone surface and
are responsible for the modelling and remodelling process of the bone
(e.g. recovery after machining [12] or fracture [13]), while osteocytes
are amature form of osteoblasts that are trappedwithin the bone inside
pits called lacunae [14] and play a major role in monitoring the metab-
olism and remodelling process [15]. For these cells to perform their vital
functions properly and not compromise the bone integrity, they must
remain free of damage and below a threshold temperature [14]. There-
fore, should tissue necrosis (i.e. cell death) occur in a clinical context
(e.g. orthopaedic surgery), it will represent a serious problem for thepa-
tient, since the regeneration capacity of the bone will be partially or
permanently hindered [16,17].
Bone damage (e.g. by machining operation) at the cellular level can
compromise the remodellingprocesswith necrosis. Besides being a use-
ful technique for monitoring the regeneration process of bone [18], his-
tology is considered the gold standard for necrosis assessment, since it
allows in-situ analysis of its cells [19]. With this technique, the ‘alive’
or ‘dead’ states are determined by the appearance of the osteocytesFig. 1. Schematic of themachining-induced thermal damage in cortical bone, which results in th
material, it leaves behind amachined surface heated by the dissipation of the cutting energy. Th
it causes osteocyte necrosis (dead cells shown in red colour) and the lacunae to empty. The regi
undamaged inside their respective lacunae (represented in black colour). But is there a d
(For interpretation of the references to colour in this figure legend, the reader is referred to th
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[14]. In ‘dead’ bone, the lacunae appear empty, implying that when ne-
crosis occurs, the osteocytes disappear from the lacunae [14], as shown
in Fig. 1 for the case of machining-induced necrosis.
Histology has been used to evaluate the necrotic depth caused by
drilling into bone, revealing that higher cutting speeds and lower feed
rates yield higher temperatures near the drilled surface, leading to
greater necrotic depths [20,21]. Research on this field shows that most
studies aimed at evaluating machining-induced bone damage have fo-
cused on finding the relationship of the necrotic depth with different
cutting conditions that may occur during surgery (e.g. speeds, tempera-
tures, forces). As a consequence, bone cutting tool design has been
tailored to minimise temperature rise [22,23].
Being a material that sustains mechanical loads in the human body,
mechanical damage (e.g. mechanical properties changes, failure mech-
anism shifts) should also be of relevance and employed in parallel
with histology for a full material integrity assessment. A promising ap-
proach on mechanical damage assessment is micro-mechanics, as it al-
lows for localised (i.e. near the machined surface) material testing [24].
Micro-mechanical testing of bone has been employed since the
1980s with the aim of mapping the elastic properties [25,26] of its dif-
ferent constituents (e.g. osteons [27], trabeculae [28]) and to character-
ise the bone repair mechanism [29]. Moreover, recent research has
raised attention to the post-yield behaviour of the bone structure
since there is a ductile-to-brittle failure mechanism transition going
from the micro- to the macro-scale, respectively [30]. Micro-
indentation and micro-pillar compression are useful techniques for
comprehensively evaluating themechanical behaviour in both the elas-
tic and plastic regions of the material [31,32], and so could be used to
evaluate damage [33,34]. Even though these techniques have been
used for bone characterisation in dry [25,32] andwet [35,36] conditions,
they have not been explored for assessing machining-induced micro-
mechanical alterations. Moreover, as opposed to the complex analysis
that micro-indentations require, micro-pillar compression allows for ae formation of a layer with necrosis and a damage-free layer. As the cutting edge removes
is heat propagates deeper into the bone and, if the temperature is high enough (47 °C [39]),
ons far enough from this heat source (cutting edge) remainwith their osteocytes alive and
ifference in the micro-mechanical behaviour in the regions with alive and dead cells?
e web version of this article.)
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pation of thematerial under both the elastic and plastic domains. There-
fore, micro-pillar compression testing is an important micro-mechanics
technique that could be employed for damage assessment in bone.
Bone mechanical assessment in this direction has been made
focusing on the mechanical behaviour at the macro-scale [37,38] and
micro-cracks formation [11], but these have so far failed to successfully
capture micro-scale effects in terms of mechanical properties or local-
ised failure mechanisms. However, it is at this micro-level of detail
where we can start to understand the true extent of bone damage
after machining, from both the micro-mechanical and biological per-
spectives, allowing evaluation of any implications this could have on
the bone's functionality.
Following these propositions, here, we investigate three
questions: What are the micro-mechanical characteristics (i.e. mod-
ulus of elasticity, compressive yield strength and compressive ulti-
mate strength) and failure mechanisms of cortical bone in areas
near and far from a machined surface? How does the micro-me-
chanical behaviour of the bone change as a function of distance
from the machined surface? What is the relationship between the
necrotic depth and the micro-mechanical properties? To address
these questions, we performed drilling trials in ex-vivo bovine cor-
tical bone under two distinct machining conditions (i.e. low tem-
perature and high temperature) aimed to induce different levels of
sub-surface damage. The drilled samples were sectioned and histo-
logically analysed to evaluate the layer of necrotic damage. Scan-
ning Electron Microscopy (SEM) was also employed to capture the
macro-damage in the machined surface while micro-pillars were
fabricated with a Focused Ion Beam (FIB) milling technique in the
drilled sub-surface to conduct micro-mechanics tests with an in-
situ SEM method. This paper reports, for the first time, the micro-
mechanical characteristics of damaged cortical bone after drilling
operations, and the results are complemented with the traditional
assessment technique of histology that serves to quantify necrotic
damage.Fig. 2. Example of the obtained Raman spectra for the control sample. Themost relevant bands
substitution is the ratio of the PO43− to the CO32− band and the crystallinity is the full-width at
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2. Materials and methods
2.1. Sample acquisition and quality
Bovine femur has been used on these investigations as it resembles
human bone in the macro- and micro-structural composition, healing
capabilities, apparent density, mineral content, elastic modulus and ul-
timate strength [40,41]. These characteristics make it a suitable
human bone model for mechanical and biological testing on both the
macro-level (e.g. tensile tests, impact tests) and micro-level (e.g.
micro-indentation, micro-pillar compression, histology). Within five
hours from the acquisition, samples containing the mid-diaphysis
were cut at room temperature under abundant saline solution [42,43]
to obtain sections of roughly 50 × 40 × 9 mm3.
To obtain a flat smooth surface on the samples suitable for micro-
testing [44], they were manually ground and polished in a polishing
machine (Tegrapol-21, Struers) under abundant saline solution with
various SiC grit sizes (200 to 1200), diamond particle suspension (6 to
1 μm) and 0.06 μm colloidal silica, employing fresh saline water rinsing
(i.e. ultrasonic bath) after each step [45]. This sample preparation pro-
cess was used for all the experiments.
The chemical composition of biological specimens can be obtained
with Raman spectroscopy [46]; hence this technique was used to vali-
date that the bone was chemically acceptable (i.e. within values stated
in literature for healthy bone) to be employed for the experiments. A
mapping was performed on the bone in dry condition (48-h air-
drying) using a confocal Raman microscope (Horiba LabRAM HR),
employing a 785 nm laser excitation wavelength to minimise the fluo-
rescence effect [47], 25 s of acquisition time, grating of 600 lines/mm
and a 50× objective with numerical aperture of 0.55. To avoid tissue
damage to the microstructure and cells, laser power was maintained
below5mW[48]. The Raman spectra analysis of 22 different points (ex-
ample in Fig. 2) resulted in a mineralisation of 12.12± 1.50 (average ±
std. dev, n=22), a carbonate substitution of 8.19±0.28 (n=22) and a
crystallinity of 19.29±0.63 cm−1 (n=22),which is in good agreementare shown.Mineralisation is the amplitude ratio of the PO43− to the amide I band, carbonate
half-maximum (FWHM) of the PO43− band.
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This guaranteed that the samples used in this research exhibited a
proper chemical quality.2.2. Drilling tests
Since drilling is highly used in orthopaedic surgeries (e.g. total knee
arthroplasty, trauma interventions), it was chosen to study the damage
induced to the sub-surface of the bone tissue by machining operations.
To avoid tissue degradation as much as possible, the drilling tests
(Fig. 3) were conducted 6 h after the bone was acquired from a local
butcher. After obtaining the 50 × 40 × 9 mm3 samples and prior to
the drilling processes, the samples were kept at room temperature
and immersed in saline solution. All samples were retrieved from a sin-
gle mid-diaphysis bovine femur.
The drilling operations were performed with a typical surgical drill
bit (i.e. 2 flutes, 4.5 mm diameter) [50] in the radial direction relative
to the long axis of the bone (i.e. transverse direction relative to osteon
orientation), as shown in Fig. 4. Twelve different drilling conditions
were employed, with various spindle speeds (i.e. 600, 1200, 3000,
9000 RPM) and feed speeds (i.e. 30, 60, 120 mm/min), with no coolant
whatsoever. Considering the intent of this research is to study the ther-
mal damage, these cutting conditions were chosen to intentionally cre-
ate both low and high temperature drilling scenarios in which the
minimum temperature was higher than the necrosis threshold of
47 °C [39]. To verify this, a thermal camera (FLIR T460) was included
in the experimental setup at ca. 500 mm away from the workpieceFig. 3. Drilling trials setup. A CNCmillingmachine tool (1100 PCNC Tormach) was used for mak
Y4-S2 Motion Pro) were used during each drilling test to record the experiment data.
4
(Fig. 3) and pointing at the tool-bone interface at the drill entrance to
measure the cutting temperatures. This provided a relative comparison
of temperature rise for all the employed drilling conditions.
After drilling, the samples were immediately (i.e. within 20 min
of drilling) cut into two sections along the hole axis (Fig. 4) and used
for damage evaluation of the bone machined sub-surface. One half
was used for histological analysis (i.e. necrosis evaluation) and the
other one for micro-mechanical testing (i.e. changes in the micro-
mechanical behaviour). However, to study the effects of high and low
temperature drilling, only two of the twelve drilled samples were
used for histology and micro-mechanics (Table 1).
The two selected cutting conditions produced the lowest (62 °C) and
highest (110 °C) cutting temperatures, respectively, and therefore are
expected to induce different levels of thermal damage to the bone.
From here on, these two conditions are referred to as low temperature,
LT, (cutting speed Vc=8.5m/min, feed rate fn=0.2mm/rev,maximum
temperature Tmax = 62 °C) and high temperature, HT, (i.e. Vc = 42.5 m/
min, fn = 0.01 mm/rev, Tmax = 110 °C), conditions, respectively.2.3. Histology
Immediately (i.e. within 5 min) after sectioning the drilled sam-
ples, the histology samples were fixed for 48 h in 10% neutral formalin
at room temperature to preserve the tissue and its cells (i.e. osteo-
cytes) [19,51]. Afterwards, for decalcification, the samples were kept
in a solution of 40 ml 65 vol% nitric acid, 20 ml 10 vol% formaldehyde
and 340 ml deionised water for 10 days. The solution was changed foring the drilling experiments. A thermal camera (FLIR T460) and a high-speed camera (IDT
Fig. 4. Location ofmicro-pillars inside and outside thenecrotic zone, andhistological analysis of the drilled holes. After drilling, one half of the specimens (i.e. hole)was used for histological
analysis (shown as pink slices) to evaluate the necrotic depth. The other half was used for fabricating micro-pillars with FIB inside the necrotic region (shown in red) and in the bulk
material (shown in black) for evaluation of elastic and plastic properties, as well as to perform failure mode observations. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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dehydrated in a tissue processor (Leica TP 1020) by immersion in dif-
ferent alcohol baths with increasing alcohol percentage (i.e. 70%, 80%,
90%, 100%, 100%, 100%) for 1.5 h in each of the 70–90% alcohols and
1 h in each of the 100% alcohols. This was followed by two immer-
sions in xylene for 1.5 h each and then finalised the dehydration pro-
cess by immersion in two separate 2-h baths of paraffin to infiltrate
into the porosities of the bone. Afterwards, each sample was mounted
in paraffin, taking essential care of the drilling direction to leave the
outermost cortical region of the sample in the cutting end of the
paraffin-mounted section. Mounting was ensured by allowing at
least 1 h of solidification in a cold environment. Paraffin-mounted
samples were sectioned with a microtome (Leica RM2245) to obtainTable 1
Selected sample drilling conditions for histological and micro-mechanical analyses.
Drilling condition Cutting speed, Vc (m/min) Feed rate, fn (m
Low temperature (LT) 8.5 0.20
High temperature (HT) 42.5 0.01
5
7 μm thick slices that were stained with haematoxylin and eosin
(H&E) to allow improved morphological observation of the tissue
[51] under light microscopy. After staining, the samples were
mounted in a mixture of distyrene, plasticiser and xylene (i.e. DPX)
media and left to dry for at least 24 h prior to light-microscopy obser-
vation (Axioplan, Zeiss). Necrotic depth evaluation (i.e. measurement
from the drilled surface to the disappeared osteocytes extent) were
made in Fiji (ImageJ). Measurements were done manually for each
image by measuring the radial distance from the drill site to the loca-
tion with filled lacunae. At least 4 measurements were done for each
slice and a total of 32 slices were used for the LT sample, while a total
of 37 were used for the HT sample. A separate control sample (i.e.
non-machined) was also used for histology to confirm that the samplem/rev) Coolant Maximum measured temperature, Tmax (°C)
None 62
None 110
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duce necrosis to the tissue.
2.4. Micro-mechanics
To assessmachiningdamage in termsofmechanical performanceand
properties, micro-testing (i.e. micro-pillar compression) was used as an
approach for evaluating elastic and plastic properties inside and outside
the necrotic (N) zone that was evaluated with the histological analysis.
The samples used for micro-mechanical testing were glued with sil-
ver adhesive (Agar Scientific) to SEM stubs and slightly polished (1 μm
diamond particle suspension and 0.06 μm colloidal silica, employing
fresh salinewater rinsingwith ultrasonic bath after each step) to remove
any drilling debris to facilitate SEM imaging. Afterwards, the samples
were air-dried for 12 h, subsequently being coated with a 25-nm gold
layer via sputtering to minimise drift due to charging in SEM imaging.
Prior to micro-pillar FIB milling, a 1.25 μm platinum (Pt) protective
layer was deposited on top of each pillar location. Afterwards, each
micro-pillar was milled similarly to a previously established protocol
[32] using a FEI Quanta200 3D FIB-SEM: circular trenches of 45 μm in di-
ameter were milled at 7 nA to obtain 15 μm diameter posts; then, these
were milled at 3 nA to obtain 7 μm diameter posts that were finally
polished at 0.3 nA to obtain the final micro-pillar size of 5 μm in diame-
ter and 10 μm long.
Micro-pillars were located in the bulk (B) material (i.e. 3600 μm ra-
dially away from the drilled surface) and in the necrotic (N) region (see
Fig. 4) for both drilling conditions. In the LT sample 6micro-pillars were
fabricated (2 in the necrotic zone and 4 in the bulk zone); in theHT sam-
ple 9 micro-pillars were fabricated (4 in the necrotic zone, 3 in the bulk
zone and 2 in between these zones). A total of 15 micro-pillars were
successfully compressed.
Investigations on micro-pillar compression in brittle materials [52]
have shown that pillars exceeding a threshold critical diameter, dcrit,
are prone to crack development failures, whereas those with d < dcrit
tend to fail with ductile mechanism [53]. Furthermore, according litera-
ture [32], dcrit > 5 μm for ovine cortical bone in the radial direction.
Therefore, all micro-pillars were fabricated with a nominal diameter of
5 μmandan aspect ratio of 2 [54]. In thismanner, we assure that any fail-
uremode transition (i.e. from ductile to brittle) that could be observed is
a result of machining damage and is not related to micro-pillar size.
After fabrication, each pillar was inspected in a 7000 JEOL FEG-SEM
at 50° specimen tilt and with different rotation angles for (i) a compre-
hensive pre-testing geometrical characterisation and (ii) to confirm the
pillar was not located above a lacuna (Fig. 5). The micro-pillars were
measured to be 4.94 ± 0.27 μm (n = 15) in diameter with an aspect
ratio of 2.22 ± 0.21 μm (n = 15), making them of appropriate size for
micro-pillar compression testing [54].
During inspection, it was detected that micro-pillars located at 20 to
50 μm away from the drilled surface (e.g. micro-pillar in the necroticFig. 5. Example of a cluster of twomicro-pillars in the high temperature drilling conditions sam
which makes them comparably larger to the nominal diameter of the micro-pillars (i.e. 5 μm).
6
zone shown in Fig. 4) exhibited a rougher surface around them when
compared tomicro-pillars located in the bulk region due to the edge ef-
fect caused by FIB milling during the roughing pass. However, this edge
effect does not adversely affect the use of these micro-pillars for com-
pression testing since a finishing pass was also included in the FIB mill-
ing process that yielded a smooth micro-pillar surface. This was
confirmed with several micro-pillars that behaved mechanically the
same (i.e. both in stress-strain performance and failure mode) in the
edge of the sample and in the bulk material (as shown in Fig. 9a).
All micro-pillars were compressed at a strain rate of 1.35 × 10−3 s−1
until failure. This was done using a nanoindenter (Alemnis ASA,
Switzerland) with a 6-μm flat diamond tip inside an SEM (FEI Quanta
650) under high vacuum conditions.
Load and displacement data were obtained for each pillar and were
corrected for compliances associated with the platinum protective
layer, nanoindenter frame and sink-in effect. The latter was performed
following the Sneddon method [54] by assuming a 300 nm fillet radius
[32]. Engineering stress-strain data was obtained following established
protocols [30,32] and true stress-strain data was derived with the as-
sumption of negligible volume change [55]. Data management was
done both in AMMDA (Alemnis ASA, Switzerland) and Matlab. After
compression, the micro-pillars were inspected in a 7000 JEOL FEG-
SEM for failure mode identification with a 50° specimen tilt.3. Results
3.1. Macro-damage on the machined bone surface
As initial investigatory step (i.e. before histology and micro-
mechanical analyses), a separate set of the LT and HT drilled samples
were inspected for macro-damage by using SEM in a low vacuum (LV)
environment. Initially, it seemed that the HT condition exhibited a
smooth “crack-free” surface (Fig. 6a), while the LT condition sample pre-
sented large cracks on the machined surface (Fig. 6c). Such an effect is
unexpected as the latter drilling condition presented a lower tempera-
ture (i.e. 62 °C) and as such, should not present a large extend of surface
damage.
To verify if the operating vacuum conditions of SEM might have
played a contribution to crack propagation of the bone's composite
structure, the samples (after three days of air-drying) were coated
with gold and inspected again under SEM in a high vacuum (HV) envi-
ronment. The LT sample (Fig. 6d), showed no signs of crack growth.
Contrary to this, the HT sample, which previously presented “crack-
free” and smooth surface, now revealed the appearance of some
minor cracks (Fig. 6b). This implies that some of the machined surface
of the bone was smeared due to the high cutting speed and slow feed
rate, creating a ‘deceiving’ smooth appearance withminor cracks laying
underneath.ple. The empty lacunae are easily visible since they normally are within 5–20 μm long [15],
Fig. 6.Macro-level effect of drilling conditions upon crack formation and surface smearing when using high (HT) and low (LT) temperature drilling conditions in low and high vacuum
SEM. (a,b) As-machined bone surface with HT conditions yielding intense thermal fields (Tmax = 110 °C): (a) LV imaging immediately performed after drilling revealed a deceiving “crack-
free” surface with a smearing effect, giving it a smooth appearance; (b) HV imaging carried out after 72 h of air-drying revealed minor cracks that were not visible in LV SEM. (c,d) As-
machined bone surface with LT conditions yielding lower level of thermal fields (Tmax = 62 °C): (c) LV imaging immediately performed after drilling revealed a surface with large cracks;
(d) HV imaging carried out after 72 h of air-drying revealed no further crack growth.
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conditions, with damage appearing immediately after the cutting oper-
ation in the form of large cracks. At first instance, this was not expected
as it is envisioned that a high temperature drilling condition will gener-
ate more cracks than a lower-temperature one. However, two points
need to be addressed: (i) The LT drilling condition is adopted to mini-
mise the cutting temperature, and hence to minimise the necrotic
depth, but this does not inherently result in a better surface quality
after drilling. (ii) The lack of cracks in the HT sample can be explained
with the cutting mechanics of bone. Cortical bone exhibits different
chip formation mechanisms [10], one of which is fracture mode at the
largest chip thicknesses, which results in a cracked surface. Another is
shearingmode at the lowest chip thicknesses, resulting in a smooth sur-
face. Since the HT condition has a considerably lower (20 times) feed
rate than the LT condition, it results in lower thrust forces with a
smoother chip type and an uncracked surface. However, even though
the HT condition induces less macro-cracks to the tissue, it is the one
that affects themost in terms of necrosis andmicro-mechanical proper-
ties, as it will be shown further.
This macro-level analysis reveals that the cutting process has a con-
siderable effect on the bone surface and temperature, depending on the
cutting conditions. Furthermore, the hierarchical and biological nature
of the bone raises questions about the effects of such behaviour to the
micro-mechanical properties of the tissue, as well as the repercussions
to the living cells near the drilled surface. Therefore, the understanding
of themicro-mechanical behaviour in themachined sub-surface and the
necrotic depth into the bone bymeans of micro-mechanical testing and
histological analysis can reveal an integrated and comprehensive dam-
age evaluation.
3.2. Necrotic damage in the machined bone sub-surface
Thermal necrosis is induced to the tissue depending on both the
maximum temperature and the amount of time that said temperature
is held within the tissue. Temperatures as low as 47 °C and 50 °C are
enough to cause necrosis if maintained for periods of 60 and 30 s [39],7
respectively. After drilling, a portion of each sample was analysed by
histological means (see Fig. 4) to understand the relationship of ne-
crotic depth to cutting conditions (e.g. temperature), by measuring
the semi-annular thickness of the zone with dead osteocytes (empty
lacunae).
We confirmed that greater temperatures produce larger necrotic
zones (see Table 2), since the LT condition (Tmax = 62 °C) created a ne-
crotic depth of 49 ± 3.9 μm (n = 162) (Fig. 7a & b), while the HT con-
dition (Tmax = 110 °C), possessing a more intense thermal field,
yielded a necrosis penetration zone of 419 ± 33.2 (n = 185) (Fig. 7c
& d). Under both sets of conditions, the necrotic zone locally hinders
the bone healing capacity due to the lack of osteocyte activity; this
makes the recovery more difficult for implant bonding and localised
healing [56,57]. Nevertheless, the healing capabilities of necrotic tissue
are not within the scope of this research.
To confirm that sample handling and preparation (i.e. polishing,
manual grounding and cutting) did not induce a necrotic effect to the
bone, a control sample was analysed as well (Fig. 7e & f). The histolog-
ical analysis showed no signs of necrosis whatsoever, as all lacunae ap-
pearedfilled, effectively proving that the followedprotocol is acceptable
and does not induce any necrotic damage to the tissue. Hence, the pre-
viously mentioned necrotic depths for the LT and HT conditions were
induced only by the drilling operation.
The micro-mechanical response of the necrotic zone could reveal
micro-level behaviour changes under different loading conditions. As
this response has not yet been addressed in the literature, micro-
mechanical testing was performed inside and outside the necrotic re-
gion in both drilled samples.
It is also interesting to observe that the Raman spectra before and
after drilling (in the drill site) remains unchanged since the high tem-
peratures achieved during the drilling experiments (max. 110 °C) are
unable to create significant chemical changes in the bone that could
be measured with this technique, as shown in Fig. 8. This is consistent
with other studies where thermal damage assessment with Raman
spectroscopy is difficultly employed when bones are burned at temper-
atures lower than 700 °C [58].
Table 2
Necrotic depth measurements, as obtained with histological analysis.
Drilling condition Maximum measured temperature, Tmax (°C) Necrotic depth (μm), avg ± std dev Number of measurements, n
Low temperature (LT) 62 49 ± 3.9 162
High temperature (HT) 110 419 ± 33.2 185
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To assess the micro-mechanical behaviour of bone near the drilled
surface, micro-pillar compression tests have been performed in the
sub-surface at different radial distances in two distinct regions: (i) on
the bulk (B) material, where no damage is expected (3600 μm beneath
the drilled surface) and (ii) on a region near the machined sub-surface
(within the necrotic (N) zone and near the drilled surface). Refer to
Fig. 4 for visual representation of the locations.3.3.1. Micro-pillars in the low temperature (LT) drilling condition sample
The micro-pillars in both the bulk (Fig. 9a - BLT, sky colour) and ne-
crotic (Fig. 9a - NLT, black colour) regions of the LT drilling condition be-
haved similarly in terms of stress-strain. These pillars displayed an
elastic modulus of 15.78 ± 1.56 GPa (n = 6), yield strength of 0.34 ±
0.02 GPa (n = 6) and ultimate strength of 0.67 ± 0.04 GPa (n = 6), in
fair agreement with previously published results of micro-pillars in
damage-free cortical bone in the transverse direction [32]. Besides
displaying such an unaffected micro-mechanical behaviour, the post-
yield mechanism until failure was exclusively governed by slipping
along a single shear plane (Fig. 9b), clearly showing the characteristic
shearing failure mode of undamaged cortical bone in the micro-scale
[32]. These results indicate, for the first time, that low temperature
(Tmax = 62 °C) machining produces no changes in the micro-
mechanical behaviour, implying thatmicro-mechanical damage is inex-
istent in both the necrotic (NLT) and bulk (BLT) regions of the machined
sub-surface.Fig. 7. Evaluation of the necrotic depth by histological analysis on the bone surface after using
magnification, most lacunae seem to be filled with osteocytes both near and far from the s
distance of 49 ± 3.9 μm (n = 162). (c,d) At HT conditions: (c) Even at low magnification it is
419 ± 33.2 μm (n = 185) in average; (d) Higher magnification shows that all osteocytes near
the sub-surface. (e,f) The control sample showed no signs of necrosis, as all lacunae are filled,
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3.3.2. Micro-pillars in the high temperature (HT) drilling condition sample
The micro-pillars in the bulk material (Fig. 10a - BHT, blue col-
our) of the HT sample revealed a congruent stress-strain behaviour
(i.e. within standard deviation) as those from the LT drilling sam-
ple, with elastic modulus of 16.01 ± 0.72 GPa (n = 3), yield
strength of 0.36 ± 0.04 GPa (n = 3) and ultimate strength of
0.65 ± 0.01 GPa (n = 3). Furthermore, these micro-pillars (BHT)
also failed by shearing (Fig. 10b), as those from the LT drilling con-
ditions (Fig. 9b); in both cases, the failure mode is clearly identifi-
able and in agreement with another bone micro-pillar compression
study [32]. This behaviour confirms that in high temperature dril-
ling (Tmax = 110 °C), the micro-mechanical behaviour of bone is
not affected at large distances (i.e. 3600 μm) from the drilled sur-
face (away from the necrotic layer).
Micro-mechanical damage was detected for micro-pillars closer to
the drilled surface in the HT sample in the form of reduction of proper-
ties. The pillars within the necrotic layer (Fig. 10a - NHT, green colour)
exhibited an elastic modulus 42% lower (9.20 ± 1.54 GPa, n = 4) than
the unaffected bone. Ultimate strength was also lower by 41%
(0.39 ± 0.02 GPa, n = 4). Nonetheless, the yield strength was less af-
fected, with only a 15% reduction (0.29 ± 0.03 GPa, n = 4). All the pil-
lars confined to this region (NHT) failed by splitting of axial cracks
(Fig. 10e) which corresponds to a brittle failure mode.
This behaviour shows that if high temperatures occur duringdrilling,
the damaged zone is not only constrained to a greater cellular death ex-
tent, as histological analysis suggests (Fig. 7 and Table 2), but also to a
considerably different micro-mechanical post-yield behaviour with
smaller elastic and plastic regions.low (LT) and high (HT) temperature drilling conditions. (a,b) At LT conditions: (a) At low
urface; (b) Higher magnification reveals that empty lacunae are confined to a necrotic
evident that the greater cutting temperature induced an 8-times larger necrotic depth of
the drilled surface disappeared during drilling due to the high temperatures achieved in
both near and far from the surface.
Fig. 8.Raman spectra near the drill site after high temperature drilling (Tmax=110 °C). Raman spectroscopywas employed to quantify the thermal damage in theHT sample. However, for
positions both near (within the necrotic region) and far (outside the necrotic region) from the drill site, the spectrum remains unchanged and in congruence with that of Fig. 2. For all
points, the crystallinity, mineralisation and carbonate substitution are consistent (i.e. within standard deviation) with that of the control sample (Fig. 2).
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necrotic (NHT) and the undamaged (BHT) regions of the HT sample,
additional micro-pillars were fabricated on intermediate
(I) regions (i.e. I1 and I2) outside of the necrotic area (refer to
Fig. 11 and the legend of Fig. 10). These intermediate locations
for pillars I1 and I2 were set to 2700 and 1500 μm from the drilledFig. 9. Stress-strain curves and failuremicrographofmicro-pillars from the low temperature (LT
and necrotic zones of the LT drilling condition exhibited the classic behaviour of undamaged cortica
the bulk (BLT) and necrotic zones (NLT) obtained in LT drilling conditions. (b) Representative
slipping along a single shear plane.
9
surface, respectively. The analysis revealed that the pillar closer to
the bulk material (Fig. 10a – I1, yellow colour) behaved similarly to
the pillars in the bulk region (Fig. 10a – BHT, blue colour), with
elastic modulus and yield stress within the standard deviation of
the pristine values (15.17 GPa and 0.35 GPa, respectively); and
just the ultimate stress lower by 20% (0.53 GPa).) drilling condition in thenecrotic (NLT) and bulk (BLT) regions. (a,b)Micro-pillars in the bulk
l bone. (a) Stress-strain curves showing no difference betweenmechanical performance in
micro-pillar of both the bulk (BLT) and necrotic (NLT) zones, which failed exclusively by
Fig. 10. Stress-strain curves and failuremicrographs ofmicro-pillars from thehigh temperature (HT) drilling condition in thenecrotic (NHT), intermediate (I) and bulk (BHT) regions.Micro-
pillars from the HT sample exhibited different behaviours depending on their location. (a) Stress-strain curves, showing that bulkmicro-pillars (BHT) behaved as undamaged bone (i.e. similar
to Fig. 9a) and that the performance decreases as themicro-pillar location gets closer to the drilled surface. (b) Micro-pillars located in the bulk region (BHT, blue colour) failed by slipping
along a single shear plane. (c) The micro-pillars located in intermediate location 1 (I1, yellow colour) exhibited a two-plane shearing failure mechanism. (d,e) Micro-pillars located in
intermediate location 2 (I2, magenta colour) and necrotic (NA, green colour) zones failed by axial splitting. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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magenta colour) behaved similarly (i.e. within standard deviation)
to the pillars inside the necrotic layer (Fig. 10a – NHT, green colour),
exhibiting an elastic modulus, yield stress and ultimate stress of
8.86 GPa, 0.26 GPa and 0.41 GPa. These results confirm that the10mechanical properties of the bone degrade in a gradual manner
from the pristine behaviour in the bulk (BHT) material to a weakened
performance in the necrotic (NHT) layer. This phenomenon only oc-
curs if high temperatures occur during the cutting operation, such
as with HT conditions (Table 1).
Fig. 11. Schematic of themicro-pillar cluster locations in the high temperature (HT) drilling conditions sample. Themicro-pillars in the necrotic zone (NHT, green colour) are locatedwithin
20 to 400 μmaway from the drilled surface, since the necrotic (N) depth in this condition is 419± 33.2 μm(n=185) (Fig. 7c & d). Micro-pillars in the bulkmaterial (BHT, blue colour) are
located at 3600 μm from the drilled surface. To assess if there is a transition of themicro-mechanical behaviour between the necrotic (NHT, green colour) and bulk (BHT, blue colour) zones,
additional pillars were fabricated in two intermediate locations (i.e. I1 and I2, shown in yellow and magenta colours, respectively). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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showed that pillars in intermediate location 1 (I1, yellow colour)
failed by the development of two slip planes with localised shear
(Fig. 10c), while the pillars in intermediate location 2 (I2, magenta
colour) failed by axial splitting (Fig. 10d). This proves that the me-
chanical properties are gradually transitioning from the undam-
aged (BHT) region to the necrotic (NHT) zone, and so does the
failure mode. The failure mode shifts from single-plane shearing
(bulk region, BHT) to two-plane shearing (intermediate region)
and then to axial splitting in the necrotic (NHT) region, indicating
a ductile-to-brittle transition going from the undamaged bulk
(BHT) region to the necrotic (NHT) zone.
According to classic fracturemechanics [59], cracks can propagate in
one of three main modes ((I) opening; (II) in-plane shearing; (III) out-
of-plane shearing), depending on the direction of loading. The observed
brittle failure (axial splitting, Fig. 10d & e) corresponds to a mode I frac-
ture, consisting of the axial crack that propagates from the intersection
point of two slip planes, as shown in Fig. 10d. This type of fracture can be
modelled at the nano- and micro-scales employing dislocation-based11models [60]. The micro-pillar fracture toughness, Gc, for this case can
be calculated as [36]:
Gc ¼ 116E πσ2ultd sinϕ cos 3ϕ ð1Þ
where E is the elastic modulus, φ is the shear plane angle, σult the ulti-
mate stress and d the pillar diameter. Calculations for each pillar yielded
an average toughness of 6.68 ± 1.14 J/m2 (n = 9) for the pillars that
failed with ductile mechanism (Figs. 8b & 9b, & Supplementary Movie
S1) and 4.24 ± 1.03 J/m2 (n = 5) for the pillars that failed with axial
splitting (Fig. 10d & e, & Supplementary Movie S2). These results indi-
cate that pillars in the necrotic zone of high temperature drilling have
a mode I fracture toughness that is 37% lower than that from pillars in
the damage-free bone, implying that they require less energy to fail by
splitting and are more susceptible to behave in a brittle manner. Such
reduction in toughness, as well as the weaker elastic performance,
makes themachined sub-surfacemore prone to this type of fracture un-
der a brittle regime if subjected to stress.
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During bone cutting, besides the possibility of inducing cracks at the
macro-scale, the cells within the tissue are also exposed to damage (i.e.
necrosis) by the thermal loads applied during themachining process. To
assess this type of damage (i.e. cellular death), histology has been used
as the gold standard for many years, and therefore it was employed in
this work to assess the necrotic depth for both cutting conditions stud-
ied, clearly revealing that a higher temperature (i.e. 110 °C) results in a
deeper necrotic layer (419 ± 33.2 μm, n = 185) when compared to a
lower temperature drilling (i.e. 62 °C) with less necrosis (49 ± 3.9 μm,
n = 162).
From an engineering standpoint, bone could be regarded as a
structural component of the human body, as it sustains mechanical
loads. Therefore, not only its biological assessment (i.e. necrosis evalua-
tion) is of relevance, but also its mechanical performance. With the in-
tention of studying the material behaviour at the micro-level after
been exposed to large temperature via a machining process, micro-
mechanical testing (i.e. micro-pillar compression) was performed
inside (near the machined surface) and outside (in the bulk region)
the necrotic region.
The micro-mechanical tests showed no changes nor in properties
(i.e. exhibited pristine properties) nor in failure mode (e.g. exhibited
ductile failure with shearing mechanism) for pillars located in the low
temperature (LT) sample, both inside the necrotic (NLT) region and in
the bulk (BLT) zone. This was also the case for the micro-pillars in the
high temperature (HT) sample located in the bulk (BHT) region. Never-
theless, reduction in properties was quite significant for micro-pillars
located in the necrotic (NHT) region of the high temperature (HT) sam-
ple, displaying an elastic modulus, ultimate strength and yield strength
reduced by−42%,−41% and− 15%,when compared to the undamaged
pillars. Furthermore, these set of pillars (NHT) displayed a dominant
brittle failure characterised by a mode I fracture (i.e. axial crack,
Fig. 10d & e).
The observed failure mode shift (from ductile to brittle) raises ques-
tions of the nature that drives such a drastic change in the microstruc-
ture to behave this way after exposure to high cutting temperatures
(i.e. 110 °C). One or more phenomena could be occurring in the bony
structure that makes it shift this way, such as a local dehydration effect
surrounding the drill site.
Bone naturally possesseswater at all its hierarchical levels, including
pore-level water in themicrostructure (i.e. within the Haversian canals,
Volkmann's canals and the lacuno-canalicular system), loosely bound
water in its ultrastructure and nanostructure (i.e. within the lamellae,
the collagen chains and the mineral crystals), and tightly bound water
at themolecular scale and at the structural level (i.e. in the apatite struc-
ture) [61]. Prior to the drilling experiments, the samples were kept at
room temperature and immersed in saline solution; hence, it is ex-
pected that they retained a significant amount of water up to when
the drilling started. During the high temperature drilling process, the
measured temperature reached a maximum of 110 °C, which by itself
is above the boiling temperature of water at atmospheric pressure.
Therefore, it could be intuitively thought that bone regions near the
drill site, which were exposed to the highest temperature build-up,
lost some of their water content due to the exposure to such a high tem-
perature; hence, creating a local dehydration effect. Furthermore, it is
well known that dehydration increases the brittle behaviour in bone
[61–63] both in compressive and tensile loading, which could explain
the observed micro-pillar failure mode shift from ductile to brittle
shown in Fig. 10. However, the literature also points out that as the brit-
tle behaviour increases with dehydration, the stiffness and strength of
the bone should also increase, which is opposite in this case: with
high temperature drilling the brittle behaviour increased, but the stiff-
ness and strength decreased. This does not inherently imply that local
dehydration is not the explanation behind these results, but that it
could be occurring in parallel with other phenomena.12Some explanations for the decremental properties in the locally
dehydrated region are, for example, thermally induced residual stresses
that are able to leave the material in a pre-loaded state, or changes to
the nanostructure and molecular structure related to temperature but
not to water. Nevertheless, these are other fields of study by themselves
and out of the scope of this research.Whether any of them are occurring
or not, more in-depth research is required to properly address them, as
they are only plausible explanations of the underlying phenomena be-
hind the presented results of micro-pillar compression testing for
assessing machining-induced thermal damage in cortical bone.
In addition, cortical bone is a porous structure [3], meaning that the
localised porosity in each micro-pillar may vary. Therefore, some
serrated trends in the stress-strain curves may be observed (see
Fig. 10a - NHT, green colour) due to the collapse and densification pro-
cess that occurs when a local porosity is collapsed during compression
of the micro-pillar. In the future, it will be valuable to include local
porosity assessments to improve the understanding of the stress-
strain behaviour of bone under uniaxial compression micro-testing.
Usually, following the bone cutting process in a surgical environ-
ment, an implant is placed in intimate contact with the machined
surface and, to prevent early stage failures of the implant, bone
overheating must be avoided [64]. The main reason for this precaution
is based on histological analysis, since at greater temperatures the
osseointegration process is hindered with necrosis. Nevertheless, here
we have shown that once high temperatures do occur, not only the ne-
crotic layer is deeper, but an even greater heat-affected transition zone
extends beyond the necrotic region. This implies that a larger volume of
the bone is negatively affected from the mechanical perspective than
from the biological standpoint, i.e. more volume of affected bone sur-
rounding the implant when considering altered mechanical properties
than when considering the quantity of dead cells. The hindered osteo-
cyte activity in parallel with the lowermechanical strength could signif-
icantly alter the remodelling process of bone, since it has been proven
that the remodelling process is not only sensible to necrosis, but also
to the induced loads in the tissue [65]. Nevertheless, the results shown
here are limited to ex-vivo bone in a non-clinical environment, and so
further research would be required to study the bone micro-
mechanical surface integrity and its impact on implant applications
and the bone healing process.
With this research, an important aspect that has not been reported
before comes to light: thermal damage manifests not only as necrosis
in a bonemachining operation, but also asmicro-mechanical properties
reduction and increased brittle behaviour near the machined sub-
surface. In our studied case, when high temperatures (110 °C) occur
during bone cutting, a weak micro-mechanical layer in the machined
sub-surface is generated. This layer is larger than the necrotic region
and exhibits a brittle behaviour with lower modulus (−42%), ultimate
strength (−41%) and yield strength (−15%) than healthy undamaged
bone. We have successfully proven this for high temperature drilling
condition, where the micro-pillars in this region failed by axial splitting
due to their reduction (−37%) in toughness for this type of fracture.
These findings unveil new knowledge about the complex material be-
haviour of bone from an engineering perspective.
5. Conclusion
An experimental study was carried out to assess the machining-
induced thermal damage in cortical bone after drilling with low (LT)
and high (HT) temperature drilling conditions, which produced mild
(Tmax=62 °C) and intense thermal fields (Tmax=110 °C), respectively,
during the machining operation. SEM analysis showed that the gross
appearance of the machined surface could be deceiving, as LT drilling
produced evidently large cracks, while HT drilling produced a smearing
effect that might appear smooth, but in fact has minor cracks lying un-
derneath. Histological analysis and in-situ micro-pillar compression
tests revealed that high temperature drilling produces an 8-times larger
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perature drilling (49 ± 3.9 μm, n = 162); clearly showing that the
higher the temperature, the larger the necrotic damage. Furthermore,
in high temperature drilling, the micro-pillar failure mode analysis re-
vealed that the microstructure shifts from being ductile in the bulk, to
brittle and mechanically weaker (up to−42% reduction in elastic mod-
ulus, −41% in ultimate compressive strength and − 15% in yield
strength) near the machined surface. It was found that this brittle
layer can extend to at least 1500 μm away from the machined surface,
which is more than 3 times the necrotic depth. This brittle layer was
found to be inexistent in low temperature drilling, where micro-pillars
in the necrotic layer retained both their pristine properties and their
ductile failure mode.
This study reveals that the traditional histological analysis, which is
valuable for assessing the amount of cellular death, could be comple-
mented with micro-mechanical analysis to yield a full bone damage
evaluation that accounts for both biological and mechanical assess-
ments. Furthermore, themethodhere presented should be extrapolated
to assess in-vivo or in-vitro bone after a surgical intervention where
temperature build-up could occur in the bone-tool interface (such as
in drilling, burring, milling, grinding or sawing associated with ortho-
paedics, dentistry, maxillo-facial surgery or neurosurgery) to study the
micro-mechanical integrity of the tissue both as machined and as it
heals post-surgery.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.109215.
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